Abstract In this study, epoxy-cubic boron nitride composites are fabricated, and their dielectric response is investigated. They exhibit the same trend as epoxy composites reinforced with other filler types. Thus, at low filler concentrations, they exhibit a lower relative permittivity than neat epoxy. As the fill grade further increases, the relative permittivity of the composites increases as well. It is suggested that two competing mechanisms, namely polymer re-organization and water uptake, mainly determine the dielectric response of epoxy composites. The former is related to the decrease while the latter to the increase of the relative permittivity. The experimental results clearly verify that water uptake strongly depends on the filler concentration and not only affects the dielectric response of epoxy composites but also it is one of the main mechanisms which dictate their dielectric behavior.
Introduction
The dielectric response of epoxy nanocomposites is undoubtedly one of the properties which give us convincing evidence that the introduction of fillers affects the structure of epoxy. There are a significant number of publications in which composites exhibit lower permittivity values compared to that of the base material despite the fact that fillers have a higher permittivity than the base polymer [1] [2] [3] [4] [5] [6] [7] [8] . The decrease in permittivity of composites can be attributed to the influence of the particles on the polymer structure [9] [10] [11] . Thus, re-organization of the polymer matrix and immobilization of the polymer chains close to the particles are considered as a potential mechanism which leads to lower permittivity values.
Composites most of the time exhibit the lowest relative permittivity at low fill grades [1, [12] [13] [14] [15] . There is a critical filler concentration above which the relative permittivity increases with the filler content. It was suggested in a previous study that the increase in relative permittivity is related to water uptake [16] . Based on two main mechanisms, i.e., polymer re-organization and water uptake, the relative permittivity of various epoxy nanocomposites was successfully modeled. Water uptake was considered to positively depend on the filler content mainly due to the particle hydrophilicity [17] .
In this study, the dielectric response of epoxy-cubic boron nitride (E-cBN) composites is presented. These composites show the same trend (minimum value of relative permittivity at a low fill grade) as other epoxy composites, and there is a significant influence of water uptake. The water effect was minimized by thermal treatment or/ and vacuum storage, but it could not be completely eliminated. The dielectric response is clearly influenced by water absorption even after treating the samples. Also, it is demonstrated that the impact of water uptake depends on the fill grade. This is depicted not only in the dielectric response but also in the thermogravimetric analyses (TGA) carried out on the composites. Finally, the dielectric response of the composites with cBN particles is compared to that of neat epoxy and epoxy-hexagonal boron nitride nanocomposites. The latter were analytically presented in a previous study [18] .
Experimental

Materials
The base material used in this study was a type of epoxy resin consisting of bisphenol-A diglycidyl CY225 and anhydrite hardener HY225. Epoxy was reinforced with cBN particles with an average particle size of 150 nm (supplied by Plasma Chem). The particles were modified with 3 wt% of (3-Glycidyloxypropyl)trimethoxysilane (EPPS) to improve the adhesion between the polymer matrix and fillers. Prior to the modification, the particles were dried at 140°C for several days and dispersed in ethanol by means of an ultrasonic bath for approximately an hour.
The reaction of hydroxyl groups on the surface of cBN with alkoxy groups of EPPS was evaluated with a diffuse reflectance infrared Fourier transform spectroscopy. Therefore, the spectra of the as-received and modified cBN particles are presented in Fig. 1 . In the case of the as-received particles, the peak at 3680 cm -1 is ascribed to the free hydroxyl (OH) stretching vibrations of the B-OH surface groups. This peak is not observed in the spectrum of surfacemodified particles indicating the successful reaction between EPPS and OH groups of the particles. Furthermore, in the case of modified particles, the peaks at 2925 and 2855 cm -1 verify the presence of EPPS. These peaks correspond to asymmetrical CH 3 stretching and symmetrical CH 2 stretching, respectively. Both of these groups are included in the chemical structure of EPPS.
Synthesis technique
An ex situ technique was used for the production of E-cBN composites. In this technique, modified particles are directly mixed with epoxy. The mixing of the two materials is performed with the use of speedmixer DAC 150.1 FVZ. Epoxy and dry modified particles are mixed for 15 min. Afterward, the proper amount of hardener is added to the mixture, and the material is mixed for 5 min. During the whole mixing process, zirconia balls with a diameter of 1.95 mm are used to achieve a better dispersion and distribution of particles. Finally, the mixture is degassed under vacuum and cast in aluminum molds. The material is cured at 140°C for 20 h. Composites with four different filler concentrations of cBN were produced: E-cBN_02 (0.2 vol%), E-cBN_06 (0.6 vol%), E-cBN_1 (1 vol%), and E-cBN_5 (5 vol%). Measuring and sample characterization devices The dielectric response of the specimens was determined with the use of a fully automated Alpha-A dielectric analyzer from Novocontrol. The amplitude of the applied voltage was 3 V rms , and the samples were placed in a cryogenic cell in which the temperature was controlled in the range between -20 and 60°C with steps of 20°C, under nitrogen atmosphere. The accuracy of the measurements can be significantly affected by a number of error sources such as bad contacts and thickness variation [19] . In order to ensure a good contact between the samples and external electrodes, gold electrodes were deposited on both sides of the samples. Furthermore, the error in thickness determination was estimated by calculating twice the average thickness of a sample and comparing the difference in the results. Each average thickness was calculated based on five values. The error due to thickness variation is expected to be less than 1 %.
The distribution and dispersion of particles in the samples were evaluated with a scanning electron microscope (FEI Strata DB 235) which combines a field emission scanning electron column and a focused ion beam. The latter was used for milling the samples and preparing cross sections. Finally, TGA were performed using thermogravimetric analyzer TGA/SDTA 851e from Mettler Toledo.
Results
The results of the SEM analyses are presented in Figs. 2, 3, and 4. In all images, different locations of the samples are presented. The particles have been effectively dispersed, and they have been distributed in a quite homogeneous manner.
The results of the dielectric spectroscopy are presented in Figs. 5 and 6 where the relative permittivity and dielectric losses are presented as a function of frequency for different filler concentrations. Prior to the measurements, the samples were thermally treated in order to minimize/ eliminate the effect of water uptake. The details of the thermal treatment of the samples are presented in Table 1 . The same trend, which was observed for other epoxy composites reinforced with different types of fillers, i.e., magnesium oxide [12] , hexagonal boron nitride [20] , aluminum oxide [12] , and aluminum nitride [12] , is also observed for E-cBN composites. Therefore, the composite with the lowest filler concentration, i.e., 0.2 vol%, shows the lowest relative permittivity which is lower than that of neat epoxy. As the filler concentration further increases, the composite relative permittivity increases as well. At 5 vol%, the composite exhibits much higher permittivity than neat epoxy.
The dielectric response of the composites is significantly influenced by water uptake. The effect of water uptake becomes more pronounced as the fill grade increases which reveals that the hydrophilic nature of the particles contributes to a great extent to the water absorption of the samples. The influence of water uptake is also depicted in the slope of the relative permittivity as a function of frequency (Fig. 5) . It is observed that the Fig. 7 Influence of the particle modification on the structure of epoxy [22] slope of the relative permittivity becomes steeper for the composites with a higher filler loading. Thus, the composite with 0.2 vol% fill grade has the same slope as neat epoxy. For sample E-cBN_06, the slope of the relative permittivity becomes steeper at frequencies below 40 Hz while this point moves to 10 kHz for sample E-cBN_1. In the case of the composite with 5 vol% filler content, the relative permittivity exhibits a steeper slope in the whole frequency range, and the difference between the relative permittivity of neat epoxy and that of E-cBN_5 significantly increases as frequency decreases. The difference in slope is attributed to the significant water uptake and the high permittivity values of water, particularly at low frequencies [17] .
As far as the imaginary part of the complex permittivity is concerned, it is observed that sample E-cBN_02 has lower losses at high frequencies which can be related to the suppression of the b-relaxation peak due to the immobilization of the polymer chains in the vicinity of the particles [12] . This is attributed to the chemical bonding between modified particles and matrix which results in the restructure of epoxy in the vicinity of the particles as schematically presented in Fig. 7 . At lower frequencies, however, there is not much difference between neat epoxy and E-cBN_02 (Fig. 6) . On the other hand, as the filler content increases, losses dramatically increase within the whole frequency range. Sample E-cBN_5 exhibits significantly higher losses than neat epoxy and an additional peak at nearly 1 kHz. This peak is related to water uptake, and a similar behavior has also been reported for epoxyaluminum oxide nanocomposites [21] .
Discussion
It is clear that water plays a drastic role in the dielectric response of composites. The intensity of the phenomenon becomes greater when the filler concentration increases, and thus, it is verified that particles have a hydrophilic nature although they are surface modified. In order to ensure the reproducibility of the results, two samples of the same batch were tested. Each sample was treated in a different way to minimize/eliminate the effect of water uptake. The fact that the results of two samples coincide regardless the way of treatment, ensures the high accuracy of the measurements. The treatment method of each sample is presented in Table 2 , and all measurements are presented in Figs. 8 ,9, 10, 11, 12, 13, 14, and 15. It is observed from the graphs that the composites are vulnerable to water uptake, and their dielectric response is significantly influenced by the presence of humidity. Thermal treatment under vacuum can help remove water from the samples. However, water remains in the samples and affects their dielectric response, especially at 1 and 5 vol% filler content. In the case of 5 vol% filler concentration, there is a dramatic influence of water uptake which is depicted both in the real and imaginary part of the complex permittivity. It seems impossible to get rid of the water influence as two samples of the same batch show an identical dielectric response although they were treated in a different way. Two factors can play an important role in this behavior, i.e., particle hydrophilicity and high particle density (3.45 g/cm 3 ). The former is related to the adsorption of water, while the latter is related to the difficulty in removing water from the sample due to the high composite density.
The presence of water also affects the dielectric losses of a sample at lower temperatures. The losses of all E-cBN composites at -20°C are presented in Figs. 16, 17, 18 , and 19. It is clear that ''wet'' samples exhibit an additional peak which is located nearly at 150 Hz. This peak fades away when the samples are dry. Also, it is observed that the peak moves to higher frequencies when a larger amount of water has been absorbed. In Fig. 19 , sample E-cBN_5 which had been exposed to ambient conditions (RH = 65 %, T = 22°C) prior to the second measurement, shows a peak at 1 kHz while a relative dry sample with the same filler concentration has a peak close to 150 Hz. Although there is a significant reduction of the losses when sample E-cBN_5 is ''dry,'' the peak at 150 Hz is still pronounced due to the significant influence of water uptake.
The dielectric response of E-cBN composites is compared to the response of unfilled epoxy and another type of epoxy nanocomposites filled with hexagonal boron nitride (E-hBN) which was analyzed in a previous study [18] . The main goal is to verify that the additional peak at -20°C is related to water uptake as unfilled epoxy is also susceptible to water uptake [23, 24] . Neat epoxy was treated in different ways as it is described in Table 3 , and the effect of water uptake on the dielectric losses is presented in Fig. 20 . It is observed that a dry sample exhibits almost no additional peak at 150 Hz. However, as the water content of the sample increases, due to the exposure to environmental conditions, the peak becomes more pronounced and moves to higher frequencies. It seems that 5 kHz is the maximum frequency at which this additional peak can occur. It is interesting to observe that the additional peak moves to a lower frequency (from 2.8 to nearly 1 kHz) after storing the sample under vacuum for a short period of time ( Fig. 20: measurement 3 and measurement 4) .
Furthermore, the behavior of E-hBN nanocomposites with 5 vol% (E-hBN_5) and 0.2 vol% (E-hBN_02) filler concentration with regard to water uptake was evaluated. Both samples were differently treated; the details for each sample are described in Table 4 ; and the respective results are presented in Figs. 21 and 22 , respectively. It is observed that the additional peak, which occurs between 150 Hz and 5 kHz, is clearly related to the amount of water content.
Finally, the water content of E-cBN and E-hBN composites was evaluated by using TGA. The analyses were performed under helium atmosphere with a heating rate of 5°C/min, and the first derivative of the weight loss is presented in Fig. 23 . In the temperature range of 100-190°C, the difference between neat epoxy and epoxy composites increases with the fill grade. The increasing difference can be attributed to the positive dependence of water content on the fill grade due to the particle hydrophilicity. Also, the results of TGA show that the difference between neat epoxy and E-cBN_5 is greater than the difference between neat epoxy and E-hBN_5. This difference is attributed to the larger amount of water inclusion for sample E-cBN_5, and it is clearly depicted in the dielectric response of E-cBN_5 and E-hBN_5. The former is significantly influenced by the presence of water, while the latter is slightly affected (Figs. 19, 22) . The reason for the higher water content inside sample E-cBN_5 can be related to the greater hydroxyl availability of cBN particles which favors the adsorption of water [25] . 
Conclusions
The dielectric response of E-cBN composites was evaluated, and it was found that they show a similar behavior with other epoxy nanocomposites, namely epoxyaluminum nitride, epoxy-magnesium oxide, epoxy-aluminum oxide, and epoxy-hexagonal boron nitride. At low filler concentrations, they exhibit a relative permittivity which is lower than that of neat epoxy. However, as the filler concentration further increases, the relative permittivity of the composites increases as well, surpassing that of neat epoxy. Also, it has been experimentally shown that water uptake significantly affects the dielectric response of neat epoxy and epoxy composites. It was demonstrated that water uptake increases with the filler concentration, and both dielectric spectroscopy and TGA results verified the dependence of water content on the fill grade.
It is suggested that two main mechanisms, namely reorganization of the polymer matrix and water uptake, determine the dielectric response of epoxy composites. Surface modification of particles creates chemical bonds between the latter and matrix which result in the immobilization of the polymer chains in the vicinity of the particles. The created chemical bonds influence the structure of the polymer in the vicinity of the fillers by altering the amorphous structure of epoxy. On the other hand, water uptake significantly affects the dielectric response of composites. The composites with relatively high fill grades are affected in a more pronounced way than the samples with low filler concentrations (B1 vol%) which means that particles, even if they are chemically treated, are susceptible to water adsorption. Water cannot be totally removed from the samples, especially when bound water is involved. Therefore, the decrease of the relative permittivity is attributed to the re-organization of the polymer matrix and immobilization of the polymer chains in the vicinity of the particles whereas the increase is related to the water uptake due to the hydrophilic nature of particles.
